INTRODUCTION
In the past decades, lithium-ion batteries (LIBs) have been widely used in mobile electronic devices ascribed to their higher energy and power density when compared with various secondary batteries [1] . However, LIBs are not expected to meet future requirements of large-scale energy storage applications because of the scarcity of the lithium resource and cost considerations [2] . Therefore, there is a demand to develop alternative energy storage technologies to meet the need of the rapid development of electric vehicles (EVs), hybrid electrical vehicles (HEVs), smart grid and clean-energy industries [3, 4] .
Recently, sodium-ion batteries (SIBs) have attracted a wealth of interdependent research because of the abundant and cheap sodium resources [5] . The cathode materials of SIBs such as layered NaxMO2 (M = Cr, Mn, Ti, Ni, Co, Fe, etc.) [6] [7] [8] [9] [10] [11] [12] , polyanion compounds [13] [14] [15] , and Prussian blue analogues [16] have been widely studied.
Particularly, the layered cathode NaxMO2 received significant attention because of its high specific capacity, low cost, and facile preparation methods. These layered materials are classified as O3-and P2-type phases, where O and P represent the octahedral and trigonal prismatic sites, based on the location of the Na ion at octahedral and prismatic sites, respectively [11] . While the numbers 3 and 2 indicate the number of transition metal layers in the periodic cell unit [17] . The O3-phase layered oxide material has higher first discharge capacity, which is attributed to a higher Na content. However, the O3-phase suffers from an intrinsic problem of Fe migration when in the desodiated state with a voltage of~3.8 V vs. Na/Na + , which results in structural collapse. Therefore, significant research efforts have focused on suppressing the irreversible Fe migration in the O3-type layered structure by Ni and Mn substitution into the Fe sites [11, 18] . Recently, NaNi1/3Fe1/3Mn1/3O2 and NaNi0.25Fe0.5Mn0.25O2 were investigated as high capacity cathodes, which all crystallized into an O3-type layered structure. More recently, the effect of Ni and Fe substitution in O3-type layer systems and their optimal production were obtained with a high capacity and respectable capacity retention [19] . In this work, fluorine is introduced into O3-type layered cathodes for SIBs for the first time to investigate their electrochemical and related structural properties. Finally, the optimized ratio of fluorine in the cathode material was found to be NaNi1/3Fe1/3Mn1/3O1.99F0.01.
EXPERIMENTAL SECTION

Material Synthesis
All chemical reagents were of analytical grade specification and were used as received. NaNi1/3Fe1/3Mn1/3O2−xFx (x = 0, 0.005, 0.01, 0.02 and noted as NFM-F0, NFM-F0.005, NFM-F0.01, NFM-F0.02, respectively, united as NFM-Fs) cathode materials were synthesized by a simple solid-state reaction method. Stoichiometric amounts of NaCO3 (Aladdin, purity ≥99.8%), NiO (Aladdin, purity 99.0%), Fe2O3 (Aladdin, purity 99.0%), MnO2 (Aladdin, purity 99%), and NaF (Aladdin, purity ≥99%) were mixed and ground together in an agate mortar for 1 h to obtain the precursor powders. The precursor powders were heated in a muffle furnace at 1000°C for 12 h at a heating rate of 3°C s −1 before cooling naturally to room temperature.
Characterization
The crystal structure of NFM-Fs was characterized by X-ray diffraction (XRD) using a PANalytical X'pert PRO MRO equipped with Cu Kα radiation. Morphology, element composition and distribution were observed by scanning electron microscopy (SEM, Nova nanoSEM 450) under an accelerating voltage of 10 kV coupled to an energy dispersive X-ray spectroscopy (EDS) detector. High-resolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) observations were performed using a JEOL JEM-2100F microscope.
The binding energy of the materials was characterized by X-ray photo electron spectroscopy (XPS) (AXIS-UL-TRA DLD-600W). Raman spectra were measured using a Renishaw Invia spectrometer with a laser wavelength of 514.5 nm. The XRD patterns were refined using the GSAS program based on the Rietveld method [20, 21] .
Electrochemical measurements
Electrochemical tests were performed in CR2032 coin cells with Na metal as the counter electrode. The cathode consisted of 70 mg active material, 20 mg Super-P conductive carbon, and 10 mg polyvinylidene fluoride (PVDF), which was dispersed in N-methyl-2-pyrrolidone (NMP). The obtained slurry was pasted onto aluminum foil acting as a current collector before drying under vacuum at 120°C for 12 h. The 2032-type coin cells were assembled comprising a working electrode, sodium counter electrode, glass fiber separator and sufficient electrolyte in an argon-filled glovebox. The electrolyte was 1 mol L −1 sodium perchlorate (NaClO4, Sigma-Aldrich) dissolved in propylene carbonate (PC, Sigma-Aldrich). The cells were left for 10 h before testing in order to make the electrolyte fully-permeating active materials. The galvanostatic charge/discharge cycling was performed using a LAND CT2001A system (Wuhan Land Electronic Co. Ltd., China) at room temperature. Cyclic voltammetric (CV) tests were performed using an electrochemical working station (PARSTAT MC, Princeton Applied Research, US) with varying scan rates. Electrochemical impedance spectroscopy (EIS) was conducted on a PARSTAT MC potentiostat by sweeping the frequency from 0.01 to 10 5 Hz with an alternating current amplitude of 5 mV.
RESULTS AND DISCUSSION
The crystallographic structures of NFM-Fs with different F-doping levels were analyzed by XRD and the patterns are shown in Fig. 1a . All the diffraction peaks are indexed to the O3-type phase having the R3m space group (standard card JCPDS 25-0819). The XRD patterns show a slight difference among NFM-Fs, which is attributed to a relatively low F-doping ratio. As shown in Fig. 1a , the (003) peak has a slight left shift followed by a right shift with increasing F-doping content from 0.005 to 0.02, which suggests successful F ion substitution into the crystal lattice inducing structural change. Fig. 1b shows the schematic structure of NFM in which Na ions occupy the octahedral sites of the NaO2 layer, while Fe, Ni and Mn ions are located at the octahedral sites of MO2. Lattice parameter variation as a function of F-doping content, which is obtained from the results of the XRD Rietveld refinement (see Fig. 2 and Table S1), is shown in Fig. 1c . As can be seen from Fig. 1c , the lattice parameter is first observed to decrease as a function of increased F-doping as the radius of F − (1.33 Å) is smaller than that of O 2− (1.40 Å) [22] when the doping amount is less than 1%. However, further increasing the F-doping levels above 1% results in a lattice parameter increase, which is attributed to an elevated proportion of Mn 3+ /Mn 4+ and the larger ion radius of Mn 3+ (0.645 Å) than Mn 4+ (0.53 Å) [23] . To observe the crystal structure, HRTEM and SAED measurements were performed. In Fig. 1d , the lattice fringes with a d-spacing of~0.57 nm is assigned to the (003) planes.
The SAED pattern (inset of Fig. 1d ) shows a perfect lattice structure, which consists with the XRD results. The SEM images of NFM-Fs (see Fig. S1 ) show that the morphology consists of irregular bulk particles~20-100 µm in size, which indicates that F-doping has little influence over the NFM-Fs morphology. Fig. S2 gives the EDS element mapping images of NFM-Fs and clearly demonstrates homogeneous distribution of the F element, which confirms the successful introduction of F in the O3-type structure.
In Fig. 3a , Raman spectra of NFM-Fs exhibit three bands located at 600, 490, and 220 cm −1 , which are assigned to the anti-symmetric stretching vibration (B2g), stretching vibration A1(g), and stretching vibration A2(g) mode of O, respectively. A2(g) reveals changes to the Mn-O bond angle, A1(g) and B2g(1) indicate changes to Mn-O bond distance. The peak at 490 cm −1 attributed to A1(g), right shifts, which suggests an increase of Mn 3+ amount [24] , which is in good agreement with the XPS results. In Fig. 3b , the O 1s band of NFM-F0.01 shows the highest binding energy across the NFM-Fs materials, which confirms the electrochemical results that a high capacity retention is associated with a stable crystal structure. Fig. 4 To investigate the electrochemical performance of the NFM-Fs, the discharge curves were performed at various current densities across a potential range of 2.0-4.0 V. As shown in Fig.  5 , the NFM-Fs voltage plateaus at 2.8 V, which suggests no obvious changes to the operating voltage as a function of F-doping. Furthermore, the reversible capacities of NFM-Fs are practically identical when subjected to a small current of 30 mA g −1 . At high current densities of 150 and 300 mA g −1 , NFM-F0.01 shows the best rate performance. Fig. 6 displays the cycle performance of NFM-Fs in the voltage range of 2.0-4.0 V at a current density of 150 mA g −1 . F-doped NFM-Fs show superior cyclicality compared with F-free NFM. The F-free NFM-F0 suffers from severe capacity fading, only retaining a capacity of~60 mA h g −1 after 70 cycles. In comparison, the 70 th discharge capacity of NFM-F0.01 is~110 mA h g −1 with a retention of~85%. Additionally, the results show that excessive F-doping plays a negative role on capacity retention, as shown in NFM-F0.02. As reported, excessive Mn 3+ causes rapid capacity fading because of the John-Teller effect [27] , but the appropriate content of Mn 4+ can maintain the stability of the structure, which suggests there is an optimal F-doping level in the NFM-Fs system to enhance cycle performance. It is known that Na + diffusion is related to the peak shape and peak current evolution of the CV curves at different sweep rates. Fig. S3 shows the CV curves of NFM-Fs at various scan rates from 0.1 to 1.0 mV s −1 across a voltage 
where ip is the peak current (mA), n is the number of electrons per reaction species (1.0 for Na + ), A is the area between both electrodes (here the area of the electrode is 0.64 cm 2 ), D is the diffusion coefficient of Na + , v is the scan rate (mV s −1 ) and C0 is the concentration of Na + . As show in Fig. 7b, ip has a [28] , which reveals that the Na + diffusion coefficients of NFM-Fs are enhanced greatly as a result of F-doping, with the highest coefficient observed in NFM-F0.01.
Furthermore, the EIS spectra (see Fig. 8 ) of NFM-F0 and NFM-F0.01 were measured before the charge/discharge test. The results show that both the EIS spectra consist of a small intercept on the horizontal axis located in the high frequency region, a semicircle at the intermediate frequency region, and an oblique line present at the low frequency region. The intercept corresponds to ohmic resistance (Rs). Rs mainly includes the electrolyte resistance, particle-particle contact resistance, and the resistance between the electrode and current collector. The semicircle in the high and middle frequency range is ascribed to the charge transfer resistances (Rct) and its corresponding constant-phase-angle element (Qct) at the electrode/electrolyte. The oblique line at the low frequency is attributed to Warburg impedance (Wo), which results in Na + diffusion resistance in the electrodes. Our results show that the Rct values are 140.7, 127.4, 100.2 and 118.3 Ω for NFM-F0, NFM-F0.005, NFM-F0.01 and NFM-F0.02, respectively, which verifies the above CV results that NFM-F0.01 has a higher ionic conductivity than that of F-free NFM-F0. 
